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Introduction
The Mississippi Delta (MD) and the adjacent U.S. Gulf Coast host a significant population, extensive economic activity, and critical ecosystem goods and services. The characteristic rate of twentieth-century relative sea level (RSL) rise in the MD is~10 mm yr À1 [e.g., Penland and Ramsey, 1990] , a value that contains both land subsidence and the sea-level changes caused by climate change (i.e., land ice melting and ocean warming). As a result, the MD region is particularly vulnerable to catastrophic events (e.g., storm surges associated with hurricanes) as well as more chronic environmental degradation, such as wetland loss from a range of largely human influences [Day et al., 2007] . Reaching an understanding of land surface lowering involves identifying the relative contribution of basement subsidence ("basement" is defined herein as Pleistocene and underlying strata) versus processes in the shallow (Holocene) subsurface. A better quantification of these relative contributions is required to inform decisions regarding the mitigation of future wetland loss. If the majority of land surface lowering is due to shallow processes, restoration plans such as those set out in the Master Plan for coastal Louisiana [Coastal Protection and Restoration Authority of Louisiana, 2012] could anchor coastal-defense infrastructure in the basement and expect relative vertical stability over the design lifetime. If, on the other hand, basement subsidence is the main culprit, this task would be much more challenging. It is therefore of great importance to understand the processes that have contributed to the basement deformation history, as well as their relative importance and uncertainties.
benchmark leveling [Burnett and Schumm, 1983; Jurkowski et al., 1984] . Modern subsidence rates of a few millimeters per year were obtained near the New Orleans metropolitan area (NOM) [Jurkowski et al., 1984] . These values are generally consistent with global positioning system (GPS) measurements [Dokka et al., 2006] and more recent leveling data analysis [Dokka, 2011] .
Studies over longer (geologic) timescales concluded that SIA-induced subsidence rates are an order of magnitude lower than the geodetically inferred rates. RSL records for the past 8 kyr from compaction-free basal peat immediately overlying the Pleistocene basement in the MD provide rates largely similar to RSL records from tectonically stable areas away from the U.S. Gulf Coast [Törnqvist et al., 2006] . Furthermore, as very little difference between RSL records from various portions of the MD was found, it appears that long-term subsidence rates of the basement are on the order of a fraction of 1 mm yr À1 [Törnqvist et al., 2006] . Yu et al. [2012] compared the Holocene RSL data from the MD with a new RSL record from the Louisiana Chenier Plain (Figure 1 ) where SIA was predicted to be minimal and inferred a SIA-driven differential subsidence rate in key portions of the MD of only 0.15 ± 0.07 mm yr
À1
. These contrasting subsidence rates were inferred from records that span significantly different timescales, which may suggest that measured rates depend on the time window of observation [e.g., Meckel, 2008; Dokka, 2011] . One way to address this problem is to quantify the contribution of basement subsidence due to SIA through geophysical modeling.
Previous modeling studies have produced a wide range of present-day subsidence rates. Jurkowski et al. [1984] predicted SIA subsidence rates of~2 mm yr À1 near the NOM using a model that assumed a lithospheric thickness <40 km (as inferred here from their flexural rigidity value) and an upper mantle viscosity of 3 × 10 19 Pa s. Ivins et al. [2007] calculated SIA subsidence rates of~5 mm yr À1 near the NOM and up to 8 mm yr À1 near the southeast Louisiana shoreline using a model with a 50 km thick lithosphere and an upper mantle viscosity of 3 × 10 20 Pa s. Blum et al. [2008] modeled SIA with a 30 km lithosphere and obtained late Holocene SIA subsidence rates up to~1 mm yr À1 in the MD. Syvitski [2008] produced rates of~2 to 6 mm yr À1 but provided few details on the relevant model parameters.
Due to the popular assumption that present-day land surface subsidence rates are dominated by SIA, these modeling studies were compelled to adopt relatively extreme values for either Earth model parameters [Jurkowski et al., 1984] or load magnitudes [Ivins et al., 2007] to match geodetically observed subsidence rates. However, the assumption that SIA is the dominant process is not necessarily correct. The MD is sufficiently [1994] and Rittenour et al. [2007] ). The circles and triangles are core sites from Shen et al. [2012] . The diamonds show the Louisiana Chenier Plain (CP) locality of Yu et al. [2012] , and the MD East and MD West localities refer to studies by Törnqvist et al. [2004 Törnqvist et al. [ , 2006 and González and Törnqvist [2009] . NOM = New Orleans metropolitan area.
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close to the previously glaciated regions of North America to be influenced by ongoing glacial isostatic adjustment (GIA) [e.g., Potter and Lambeck, 2003; Milne and Mitrovica, 2008] . Furthermore, the Holocene sediments of the MD, upon which observations of land lowering are often collected, are subject to ongoing compaction [Törnqvist et al., 2008] . Finally, there is potential for fluid extraction or faulting to contribute to land surface lowering [Morton and Bernier, 2010; Kolker et al., 2011; Dokka, 2011; Yu et al., 2012] . Thus, it is perhaps not surprising that results between modeling studies have been inconsistent.
The present study takes a different approach. The focus is not on precisely tuning models to fit specific data but rather to establish whether the magnitude of both long-term vertical displacement and present-day deformation rates can be reasonably approximated when applying realistic loading histories and a broad but plausible range of Earth model parameters. Land subsidence caused by GIA (ice and ocean loading) as well as all major sediment bodies deposited in the region since the last interglacial is explicitly modeled. The Holocene delta loading history applied in this study is the most sophisticated to date. Eight different Earth models were used to span a wide but plausible range of parameter values. The results of this modeling allow a rigorous comparison with quantitative, geologic data for various timescales within the late Quaternary, in addition to present-day GPS records. Geologic data are essential, because geodetic data always concern timescales that are very short relative to the characteristic timescales of the processes of interest. The wide scope of this study and differing timescales of the data also allow the time-dependent aspects of deformation in this region to be examined. It is important to note that this study does not aim to make exact predictions of subsidence rates and their spatial variability; the modeling results should not be used in this way by future studies.
Observations
Three distinct types of data were used in this study. Present-day GPS records and Holocene RSL curves reconstructed from basal peat were used as a measure of relatively recent deformation rates. Longer-term total displacement (since~80 ka) was determined from sampling the present-day height of the Marine Isotope Stage (MIS) 5a long profile of the Lower Mississippi River and comparing it with the shape of the nondeformed, modern long profile.
Present-Day Deformation Rates
Present-day rates of deformation in the MD region can be obtained by GPS measurements. GPS data are available since the mid-1990s and in principle can provide a good indicator of ground motion. Dokka et al. [2006] reported present-day deformation rates in and near the MD based on GPS measurements at 20 stations ( Figure 2 ) over a 2-11 year time window. Data were collected using a combination of continuous recording and campaign measurements. An average subsidence rate of 5.2 ± 0.9 mm yr À1 for the MD was reported. The errors on the vertical GPS rates are relatively large and for many stations the error is of similar magnitude as the signal. It is important to note that the monuments of all GPS stations south of~30°N are underlain by >10 m of Holocene sediment (Figure 2 , blue numbers) and could therefore be subject to ongoing compaction.
Late Holocene Deformation Rates
It is also possible to obtain rates of vertical ground motion, averaged over the last few millennia, from Holocene RSL records. Yu et al. [2012] compared RSL curves from basal peat within the MD to a new RSL record outside the immediate delta load region (Figure 1 , MD versus Chenier Plain (CP) localities). The data demonstrate a clear divergence in postglacial RSL rise between the MD and the CP where the latter plot 1 m higher at 7 ka. Assuming that the differential subsidence is due to SIA and that the contribution of this process is zero at the CP locality, Yu et al. [2012] inferred a SIA-driven subsidence rate of 0.15 ± 0.07 mm yr À1 at the MD localities. This approach is useful as it provides an indication of geologically recent subsidence rates and effectively filters out the effects of GIA, which is a potentially significant contributor on a regional scale [e. g., Potter and Lambeck, 2003 ].
Late Quaternary Displacement and Rates
Few previous studies have used deformed long profiles in the alluvial reach of a continental-scale river to investigate the geodynamic effects of deltaic sediment loading. the methodology used in this study is significantly different. The Prairie Complex, a late Pleistocene allostratigraphic unit, is widely preserved along the western margin of the Lower Mississippi Valley (Figure 1 ) and was formed by a meandering precursor of the Lower Mississippi River and its tributaries [Fisk, 1944; Saucier, 1994] . Shen et al. [2012] showed that widespread portions of the Prairie Complex date to MIS 5a (~80 ka) and to a lesser extent MIS 5e (~120-130 ka). The spatial distribution of the MIS 5a Prairie Complex enables the height of the 80 ka Lower Mississippi River long profile relative to the present-day long profile to be obtained (Figure 3a ).
Long profiles of large alluvial rivers are generally concave in shape on a regional scale [Mackin, 1948] ; the present-day Lower Mississippi River natural-levee long profile conforms to this observation ( Figure 3a) . In contrast, the MIS 5a long profile is predominantly convex, suggesting that it has been distorted due to vertical land motion after floodplain abandonment and terracing following the MIS 5a/4 sea-level fall [Shen et al., 2012] . The intersection of the MIS 5a and the present-day long profiles at 30.5°N is supported by abundant data, while an observational gap exists between about 31.5 and 34°N. However, uplift in that region is supported by the presence of a MIS 5e floodplain surface at an even higher elevation (Figure 3a ).
The MIS 5a RSL highstand lasted for >5 kyr [e.g., Dorale et al., 2010] , while the present-day RSL highstand in the Gulf of Mexico was initiated~7 ka [Törnqvist et al., 2004] . Thus, at both times the long profile had >5 kyr to adjust after a major sea-level rise. The MIS 5a meander belts had a geometry and sediment texture similar to present-day conditions [Fisk, 1944; Autin and Aslan, 2001; Rittenour et al., 2007; Shen et al., 2012] . Furthermore, the surface elevation of the MIS 5a Prairie Complex at 35 to 36°N is similar to that of the presentday floodplain (Figure 3a) , suggesting that MIS 5a relief was comparable to that of the modern Lower Mississippi River. With such similar boundary conditions, the two long profiles are likely to exhibit similar original shapes [e.g., Snow and Slingerland, 1987] but potentially different elevations due to RSL differences.
There are no published RSL records from the U.S. Gulf Coast precisely dated to MIS 5a. On the U.S. Atlantic Coast, RSL during this time increases northward from around À10 m (relative to present sea level) in southern Florida [e.g., Ludwig et al., 1996 ] to a maximum of +10 m in Virginia [e.g., Wehmiller et al., 2004] . Potter and Lambeck [2003] demonstrated that RSL in the wider region was likely to be somewhat higher than the global average due to intermediate-field GIA effects, where RSL has a reasonably strong dependence on the distance from the center of glaciation. In this context, given that the MD is located between southern Florida and Virginia, it is likely that MIS 5a RSL was within ±10 m of present sea level. The upstream distance over Figure 2. Location of GPS sites [Dokka et al., 2006] in and near the Mississippi Delta; red numbers match those on the x axis of Figure 6 . The isopach of the Holocene delta is from Kulp et al. [2002] . For GPS sites within the Holocene delta, the thickness of Holocene strata below the GPS monument (in m) is shown in blue, derived by subtracting the depth of the monument as reported by Dokka et al. [2006] from the total thickness of Holocene strata in the isopach map.
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which this uncertainty is likely to decay to zero can be derived from the landward extent of base-level control of the long profile of the Lower Mississippi River, estimated at~600 km [Rittenour et al., 2007; Shen et al., 2012] . Nittrouer et al. [2012] demonstrated that channel morphology in the lowest~600 km of the Lower Mississippi River is subject to a backwater effect. Due to the similar RSL during MIS 5a and at present, it is not expected that the backwater effect significantly influences the long profile comparison in this study.
Based on the reasoning outlined above, it was assumed that the present shape of the long profile is a good proxy of the original MIS 5a profile when assigned a vertical error of ±10 m at the shoreline, which linearly decreases to zero at a point 600 km north of the present coast. The net vertical displacement of the MIS 5a long profile was obtained by subtracting this reconstructed original MIS 5a profile from the observed MIS 5a long profile. Dividing this displacement by 80 kyr produces an estimate of the average deformation rates for this period based on the assumption that the land motion was monotonic at each location ( Figure 3b ). Rates follow the same spatial pattern as the total displacement, decreasing northward from 0.24 ± 0.13 mm yr À1 subsidence at 29.6°N
to a hinge line with zero subsidence at 30.5°N. Farther north, uplift rates up to 0.15 ± 0.08 mm yr À1 are found.
Displacement data at the MIS 5a core sites were obtained ( Figure 3 and Table S1 ) for comparison with model output.
Modeling Approach
Present-day rates of deformation and the vertical motion of the 80 ka long profile were modeled using a Maxwell (viscoelastic) spherically symmetric Earth model [after Peltier, 1974] onto which sediment, ice, and ocean loads were applied. Output comprised vertical displacement of the MIS 5a long profile as well as present-day and Holocene deformation rates. This type of model is more commonly applied to investigate the effects of mass exchanges between land-based ice and the ocean at regional scales. The model is based on a spherical harmonic formalism, with the resolution defined by the specified truncation. A truncation of order 256, which results in a resolution of~70 km, was used in most previous work with this specific model code [e.g., Milne et al., 2001; Bradley et al., 2009; Milne and Peros, 2013] . For this study, the truncation was extended to order 512, resulting in a~35 km resolution. This allows the spatial evolution of the sediment loads (e.g., subdeltas) to be resolved and the~100 km length scale of observed deformation to be captured. Valley is approximately N-S oriented; thus, elevation is plotted against latitude. The present-day long profile is a second-order polynomial function fitted to 70 presentday natural levee elevation points, which corresponds to the long profile during bankfull discharge. Most of the MIS 5a Prairie Complex cores were taken on natural levees of the MIS 5a Mississippi River. The elevation of the MIS 5a terrace segments was obtained by subtracting the thickness of overlying loess and post-MIS 5a fluvial deposits (Table S1 ) [Autin and Aslan, 2001; Shen et al., 2012] from the land-surface elevation. The MIS 5a long profile approximation is obtained by fitting a third-order polynomial function to the data points with optically stimulated luminescence age control (filled circles). No MIS 5a deposits were identified along the dashed part of the profile; this segment is unconstrained. However, the elevation of a MIS 5e terrace (filled triangles) supports the inferred uplift of this segment. Significant uncertainty in the modeling of SIA and GIA relates to the viscosity structure of the adopted Earth model. In this study, Earth structure was defined by three parameters: the thickness (in km) of a high-viscosity (1 × 10 43 Pa s) uppermost layer to simulate the lithosphere (referred to as lithospheric thickness, LT); the viscosity beneath this layer and extending to 660 km depth (referred to as upper mantle viscosity, UMV); and the viscosity from 660 km to the core-mantle boundary (referred to as lower mantle viscosity, LMV). These values are expressed as the triplet LT/UMV/LMV, with the second and third terms defined as multiples of 10 21 Pa s. The radial elastic and density structures were taken from the Preliminary Reference
Earth Model (PREM) [Dziewonski and Anderson, 1981] , a significantly more realistic structure than that used by previous studies [e.g., Ivins et al., 2007] . No significant differences between PREM and other available velocity/ density models have been found for deformations with colatitudes >1° [Wang et al., 2012] , validating the use of PREM in this study. The model was run with eight different Earth viscosity structures (Table 1 ). The selection of Earth parameters covers the range found by studies across different methodologies [e.g., Peltier, 1996; Karato, 2008] . Two layers of different viscosity within the mantle are considered sufficient when the depth sensitivity of the observations and the uncertainty in the actual viscosity structure are taken into account [Mitrovica, 1996; Paulson et al., 2007] .
GIA was modeled with the ICE-5G global ice model [Peltier, 2004] and an ocean load derived from ICE-5G using the sea-level theory and algorithm described in Mitrovica and Milne [2003] and Kendall et al. [2005] , respectively. ICE-5G has been tested against a global distribution of both geologic and geodetic observations. Although no model can be perfectly accurate, it is considered to be one of the leading ice histories available and is widely employed. One example is the study by Milne and Peros [2013] which demonstrated that ICE-5G can provide high-quality fits to RSL data from the circum-Caribbean region (including data from the MD). The effects of GIA-induced changes in Earth rotation were incorporated [Milne and Mitrovica, 1998; Mitrovica et al., 2005] , even though the contribution is relatively small and does not alter the first-order sense of the deformation/displacement output. In addition to the more direct ice load-driven deformation, changing sea level (the ocean load) has a levering effect on continental margins, driven by predominantly global ocean volume-related depth changes on the continental shelf [Clark et al., 1978; Mitrovica and Milne, 2002] .
Sediment load histories for the past 80 kyr were extracted from published data; some were adopted directly, while others (specifically portions of the Holocene delta load) were newly constructed. Given the complex history of the Lower Mississippi River depocenter over the past glacial-interglacial cycle, the sediment load history is broken down into five components (Figure 4 ). This includes the spatial extent and total thickness of (1) the Holocene MD (henceforth referred to as "delta") from Kulp et al. [2002] which is further broken down into Mississippi River subdeltas (equivalent to what others have referred to as deltas, delta lobes, or delta complexes) based on data from Fisk [1944] ; Kolb and Van Lopik [1966] , and Frazier [1967] ; (2) the submarine fan of the Mississippi system on the Gulf of Mexico seafloor ("fan") [Stelting et al., 1986] ; (3) the paleovalley of the Lower Mississippi River beneath the MD ("paleovalley") ; (4) continental shelf sedimentation ("shelf") [Coleman and Roberts, 1988] ; and (5) the Mississippi Canyon on the continental slope ("canyon") [Coleman and Roberts, 1988] . Some components (paleovalley and canyon) involve a phase of sediment removal (i.e., unloading); details are provided in Table 2 .
The delta load was constructed by converting published sediment thicknesses from regionally correlated cores and seismic data into a gridfile format [Kulp et al., 2002] . The fan, shelf, and canyon loads were constructed by tracing isopach data from georeferenced images of published maps using ArcMap. The paleovalley load was adopted from Blum et al. [2008] and is the crudest of the sedimentary load models considered here. Sediment loading was applied linearly over the time span of deposition (Table 2) . The timing of the end of deposition of the Mississippi Fan is uncertain [Simms et al., 2007] . To assess the significance of this uncertainty, two scenarios were tested: one where submarine fan deposition ceased at 20 ka and a second where deposition continued until 10 ka.
Assigning sediment density is nontrivial and involves considerable uncertainty. Medium sand has a density of 2000 kg m À3 [e.g., Manger, 1963] ; clay and silt are less dense; a certain (albeit not well constrained) amount of low density organic matter is also present, notably in the delta. Bulk density data from the Holocene MD [Kuecher et al., 1993] show values that cluster around 1500 kg m
À3
. In marine settings, sediment deposited will displace its own volume of water. Thus, only the difference in density between water and sediment should be used. The additional loading that the displaced water applies through increasing the height of the water column is negligible. While the Holocene delta is thought to have predominantly prograded into marine waters, some portions have accumulated subaerially. Depending on the proportion of terrestrial (subaerial) deposition, the true effective density could therefore be higher than 500 kg m
. The linear response of the Earth model allows the impact of varying density to be easily evaluated. For a given Earth model, if the sediment density is doubled, the deformation rate and total magnitude is also doubled. This potentially large uncertainty (factor of 2) only applies to the delta load component; the relative importance of this uncertainty is described in section 4. Sediment densities for each load in this study are shown in Table 2 .
There are potential uncertainties in the spatial distribution of the delta load over time. The total delta load ( Figure 4a ) was applied as a single load from 6 ka to present. In reality, the delta accumulated as a series of periodically switching subdeltas. To investigate the impact of Table 2 . subdelta switching, two trial loads were constructed. The first applied the Teche subdelta load between 6 and 4 ka, then switched to the St. Bernard subdelta between 4 and 2 ka, followed by no further loading between 2 ka and the present (note that the ages used in this sensitivity experiment do not necessarily reflect the true ages of the subdeltas involved). The second applied the sum of the two subdelta loads linearly from 6 ka to 2 ka with no further loading from 2 ka to present. The location and extent of the loads is shown in Figures 5a-5c . Three Earth models were used in this sensitivity test: 46 km, 71 km, and 96 km LT; all with 0.3/10 mantle viscosity (Table 1) . The low value of UMV was chosen to produce maximum rates of deformation and thus a large response over the past 6 kyr. Deliberately high load densities of 1000 kg m
, 1500 kg m
, and 2000 kg m À3 were used to produce a plausible maximum effect.
Results
In this study there are two types of model run. A small number of targeted model runs were used to assess the significance of the load history uncertainties described above. The results of these initial runs are presented in section 4.1. Taking their outcomes into account, the full suite of Earth and load model combinations was then run. The results of the full suite are presented in sections 4.2 and 4.3.
Sensitivity to Load Models
The variability in deformation between runs with and without subdelta switching for the MD West locality is presented in Figure 5d . This locality is on the Teche subdelta, the area most sensitive to the modeled depocenter shift. Differences in displacement peak between 4 and 2 ka at~10% (difference in height of the curves) for the most sensitive Earth model (46/0.3/10). When present-day subsidence rates are considered, the maximum differences at MD West between the load models with and without subdelta switching are 0.005-0.053 mm yr
À1
, depending on the sediment density and Earth model. These differences are within the error reported for subsidence rates inferred from both GPS [Dokka et al., 2006] and RSL [Yu et al., 2012] data. Differences in vertical displacement at present due to subdelta switching are extremely unlikely to exceed 0.283 m, a value produced with an excessively high sediment density.
When comparing the 10 ka to 20 ka end date for fan loading, present-day rates of vertical motion differ by less than 0.003 mm yr À1 between the two scenarios. This difference is insignificant with respect to the goals of this study. A 10 ka end of deposition was used for the fan in the main suite of runs.
The precise modeled density of the delta load, after correction for subaqueous deposition, is only of high significance when comparing output to the Yu et al.
[2012] differential subsidence value. As detailed further below, for all other comparisons, the delta load makes a minor contribution to modeled rates of surface deformation and the total displacement.
Modeled present-day subsidence rates produced by the canyon load were of order 0.01 mm yr
, and total present-day displacement relative to the initial condition was <0.01 m. Due to the small magnitude of these values relative to observational uncertainty, the canyon was not included in the subsequent analysis.
Present-Day Deformation Rates
Present-day deformation rates were calculated at appropriate localities to allow comparison with data from Dokka et al. [2006] and Yu et al. [2012] . Only the delta, paleovalley, ice, and ocean loads produce deformation rates greater than data error for present-day rates. GIA signals dominate the absolute rates. The fan and shelf loads have essentially reached isostatic equilibrium and thus make a negligible contribution to presentday rates.
A comparison of the model output with deformation rates from GPS stations [Dokka et al., 2006] is shown in Figure 6 . The modeled vertical rates of basement deformation show a N-S signal that is an order of magnitude smaller than the GPS rates that exhibit a~5 mm yr À1 increase south of 30.5°N ( Figure 6 ). Comparing only the sites that are unlikely to be influenced by Holocene sediment compaction (plotted in black in Figure 6 ; Holocene sediment thicknesses underlying monuments of GPS stations are shown in Figure 2 ), the modeled pattern of subsidence rates is in agreement, to first order, with the GPS data. The apparent 1 to 2 mm yr Uplift rate (mm/yr) locality number (sorted by latitude) Figure 6 . Comparison of deformation rates observed by Dokka et al. [2006] and modeled rates obtained with eight different Earth models (Table 1) . Negative values indicate subsidence. Points in gray represent GPS monuments which are anchored within Holocene strata (see Figure 2 ). At such sites, the measured subsidence signal is likely to contain a sediment compaction signal of unknown magnitude. Error bars represent one standard deviation. Since there is longitudinal variation in the modeled rates (see Figure 7e ), rather than comparing the observed and modeled rates as a function of latitude [e.g. Dokka et al., 2006] , they are compared site by site (site number increasing with latitude).
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uniform offset between the average of the modeled and observed rates (sites 8 and higher) could, at least in part, be a systematic offset due to differences in geodetic reference frame between data and model [Altamimi et al., 2007; Wu et al., 2011] . However, the potential reference frame offset cannot explain the poor fit south of 30.5°N.
When comparing output to the data of Yu et al. [2012] , it is the differential subsidence rate between their localities which must be considered. Table 3 contains a model reproduction of this comparison including both the GIA and SIA signals. The model produces differential subsidence rates, relative to the CP locality, of 0.17 to 0.44 mm yr À1 for the MD East locality and 0.15 to 0.34 mm yr À1 for the MD West locality (see also Figure 7e ). The largest differential rates are produced by Earth models with a thin LT (46 km). The 96/1/10 Earth model yields a "closest fit" to the differential subsidence value found by Yu et al. [2012] . The values quoted above were produced with a delta load density of 500 kg m À3 ; using a delta density of 1000 kg m
À3
results in a range of 0.27 to 0.70 mm yr À1 for MD East and 0.24 to 0.54 mm yr À1 for MD West. With either density, the MD East and MD West localities exhibit similar values, consistent with their similar RSL histories [Törnqvist et al., 2006] . Results for a delta load density of 500 kg m À3 are used in the following discussion because they provide a better match with the observations of Yu et al. [2012] . The differential subsidence rates shown in this study are generally higher than those observed [Yu et al., 2012] and must be considered maximum values. Further work will be needed to refine model predictions to better match observations such as Holocene RSL curves.
Total subsidence rates are shown in Figure 7e , with individual components shown in Figures 7a-7d (using the "closest fitting" 96/1/10 Earth model). As the majority of the modeled (absolute) subsidence is due to GIA rather than SIA, the ongoing peripheral bulge collapse due to the melting of the Laurentide Ice Sheet (Figure 7d) [cf. Milne and Mitrovica, 2008] is of particular importance. Figure 7c illustrates the continental levering signal associated with ocean loading, with the gradient running approximately perpendicular to the shoreline and a landward transition from subsidence to uplift [Clark et al., 1978; Mitrovica and Milne, 2002] . Considered together, the ice and ocean load response does not contribute significantly to the spatial pattern of deformation. The ice and ocean load signals have opposite spatial trends, with the uplift due to ocean loading in the north canceling much of the N-S spatial variability of the ice load signal.
Considering the magnitude of absolute subsidence, all Earth models except 71/0.3/1 produce total presentday subsidence rates in the 1 to 2.5 mm yr À1 range in the MD; rates due to MD SIA alone range from 0.35 [Törnqvist et al., 2004] ; the MD West locality (29.85°N, 91.73°W) is an average of the Delahoussaye Canal, Patout Canal, Lydia, and Glencoe sites [Törnqvist et al., 2006; González and Törnqvist, 2009] . Rates are in mm yr to 0.58 mm yr À1 (Table 3) . Model 71/0.3/1 produces a much smaller total subsidence rate due to the very different GIA signal. With a low LMV, the peripheral bulge caused by the North American ice sheets has mostly subsided by the present day. Thus, the ocean load signal dominates the ice load signal, resulting in net isostatic uplift from the GIA component. Figure 7e , red stars are localities MD East [Törnqvist et al., 2004] , MD West [Törnqvist et al., 2006; González and Törnqvist, 2009] , and Chenier Plain [Yu et al., 2012] . White dots are GPS sites from Dokka et al. [2006] ; numbers match those in Figure 6 . All color scales are in mm yr 
Long Profile Vertical Displacement
A comparison between the MIS 5a river long profile vertical displacement and the output from the model since 80 ka is shown in Figure 8 ; Figure 9 illustrates the contribution from individual loads. The modeled long profiles with an UMV of 1 × 10 21 Pa s reproduce the overall shape of the observed (Table 1) . Diamonds indicate MIS 5a long profile vertical displacement; error bars represent one standard deviation. (Figure 9 ), the 80-24 ka shelf load provides the steep downward displacement in the south, the ocean load provides the overall uplift, and the ice load provides the downward displacement in the north. The relatively low response to the ocean load when compared to the ice load is due to the difference in scale between thẽ 100 m change in global sea level and the~1000 m change in land surface height in glaciated regions since 80 ka. In an intermediate field location like the MD, the ice signal dominates the ocean signal. The ice load in particular is very sensitive to the range of Earth model parameters considered. The two different UMV values produce the two separate groupings in the model output for this component of the signal. The delta, paleovalley, and fan loads together contribute only 1-3 m to the long profile displacement. The small contribution from the delta load renders uncertainties in its average density insignificant for this comparison. The paleovalley load provides a small upward displacement, reflecting the erosional portion of its history.
Earth models 71/0.3/1 and 71/0.3/50 produce a particularly poor fit to the vertical displacement data (Figure 8) . However, the 71/0.3/50 Earth model fits the most northerly point, while the 71/0.3/1 Earth model fits the most southerly point, indicating that lateral variations in Earth structure could be important for the GIA component.
Due to the lack of well-constrained evidence for North American ice extent before the Last Glacial Maximum, there is uncertainty concerning the actual ice load at 80 ka [St-Onge, 1987; Vincent and Prest, 1987; Kleman et al., 2010; Stokes et al., 2012] . At 80 ka, there is a local minimum in the ICE-5G reconstruction of North American ice extent. To test the impact of this uncertainty, long profiles for the best-fitting 46 km LT Earth models were extracted for displacements relative to 84 ka and 76 ka (Figure 10) . The results indicate a potential~5 m perturbation of the long profile due to time uncertainty in the ice model with some sensitivity to UMV. The effect on the ocean load signal is a~0.1 m perturbation, much less significant than uncertainties associated with the ice and shelf sediment loads. Total deformation (m)
Latitude (decimal degrees) Figure 10 . Estimates of the uncertainty in the ice load signal obtained due to uncertainties in the load chronology around 80 ka.
Dashed lines indicate vertical displacement at present relative to the time indicated in the key. Times are 4 kyr before and after 80 ka. Note that in ICE-5G, 80 ka is a local minimum in North American ice volume; the sign of the effect of considering ice extent at earlier and later times is the same. The Earth models shown were chosen as they bracket the data reasonably well and represent some of the weakest Earth models used, producing the maximum variation in displacement.
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Discussion
While the range of Earth and load models applied here is considerably wider than those of previous studies, it is important to be aware of model limitations and uncertainties. There is no erosion in the continental hinterland to act as a source for the sediment that is being deposited, so sediment mass is not conserved in the model. Similarly, there is no sediment reworking within the Lower Mississippi River system. Given the minimal importance of subdelta switching and the canyon load, these limitations are unlikely to affect the conclusions of this study. The physics implemented in the model does not permit faulting, an abundant phenomenon along the U.S. Gulf Coast [e.g., Murray, 1961] ; the model does not explicitly consider salt tectonics. The potential impact of these two processes is therefore not addressed.
With respect to temporal uncertainty, all loads that were in place before~10 ka contribute no measurable present-day deformation. Understanding the total displacement for these components is therefore only dependent on knowing the total sediment load.
Present-Day Deformation Rates
Present-day deformation rates appear to be dominated by ice, ocean, delta, and paleovalley loads. The model outputs do not support present-day basement subsidence rates greater than~2 mm yr -1
. When considering SIA only, this is reduced to~0.5 mm yr -1
. These values are in general agreement with stratigraphic studies [e.g., Stanley et al., 1996; Yu et al., 2012] but in conflict with previous modeling [Jurkowski et al., 1984; Ivins et al., 2007; Syvitski, 2008] (and to a lesser extent, Blum et al., [2008] ) which quote rates up to 8 mm yr À1 due to SIA only. Of these previous studies, that by Ivins et al. [2007] is the most comprehensive. The differences between their results and those presented here are due primarily to their delta load model; Ivins et al. [2007] significantly overestimated the delta volume. Dividing the sediment volumes of subdeltas used by Ivins et al. [2007] by the surface areas of these subdeltas reported by Coleman et al. Syvitski [2008] suggested that subdelta switching has a significant effect on SIA-induced deformation rates over the past 6 kyr. Unfortunately, the lack of information regarding the Earth model and sediment density used in that study precludes a direct comparison. It seems likely that the model of Syvitski [2008] implemented a very low mantle viscosity, based on a relatively short relaxation time of 2.5 kyr [Hutton and Syvitski, 2008] . Our sensitivity test indicates that the influence of subdelta switching can be considered negligible (within data uncertainty) for the purposes of the present study, consistent with Holocene RSL reconstructions from different portions of the MD [Törnqvist et al., 2006] .
Comparison with the GPS data [Dokka et al., 2006] results in a poor overall fit. The uncertainty in the delta load density is not the cause of the poor fit because the delta load contribution is~5 times smaller than the GIA contribution for most Earth models (Table 3 ). In addition, when the error margins in the GPS data are taken into consideration, a factor of 2 uncertainty in the delta load subsidence rate is of low significance. Given the wide range of Earth models considered, it is therefore likely that the GPS signal includes sources of subsidence other than SIA and GIA. This departure between modeled and observed rates may also support suggestions that there are recent accelerations in subsidence rate due to groundwater [Dokka, 2011] and/or hydrocarbon withdrawal [Morton and Bernier, 2010; Kolker et al., 2011; Chang et al., 2014] . While fluid withdrawal could impact certain localities, the primary candidate for the wider discrepancy is the compaction of Holocene strata. As an example, the 71/0.3/1 Earth model is able to fit sites judged unlikely to be influenced by Holocene sediment compaction ( Figure 6 , black data). This supports previous inferences [e.g., Törnqvist et al., 2008; Blum and Roberts, 2012; Simms et al., 2013] that GPS data from the MD and the adjacent U.S. Gulf Coast are likely to be influenced by sediment compaction. Specifically, Törnqvist et al. [2008] demonstrated that compaction remains significant in deeply buried Holocene deltaic strata.
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This study finds that the Yu et al. [2012] data favor a relatively thick lithosphere (~96 km, possibly more). A subaerial paleovalley with erosion followed by deposition [cf. Blum et al., 2008] and a low effective sediment density for the delta are also required, indicating predominant deposition in a marine setting. For all thinner LT values, differential subsidence rates are significantly overpredicted.
Yu et al. [2012] assumed that longitudinal variation in GIA effects was negligible between their chosen localities and that differences between RSL records were the product of SIA in the MD. The modeling presented here suggests that the GIA variation between the Yu et al. [2012] localities is less than 0.06 mm yr À1 (Table 3 ) and so within their data error. Thus, the majority of the observed differential subsidence is indeed likely to be produced by the delta and paleovalley loads. Yu et al. [2012] aimed to test the conclusions of Blum et al. [2008] and in doing so adopted the assumption that their Chenier Plain locality lies outside the bowl of subsidence caused by the MD load. Figures 7a and 7e indicate that this assumption is not entirely accurate; the differential deformation rate of 0.15 ± 0.07 mm yr À1 from Yu et al. [2012] is therefore likely to be a lower bound on ongoing SIA relative to a hypothetical stable locality outside the region. Using an average rate of RSL rise over such a short period as a proxy for deformation may be somewhat imprecise; the ocean surface is unlikely to be a stable reference during this period due to short-term climate fluctuations such as the Medieval Warm Period. However, ignoring this possible variation and assuming that ocean syphoning due to GIA was the dominant contributor to sea surface height change during this period, correcting for this effect (~0.3 mm yr
À1
) [Mitrovica and Milne, 2002] results in a vertical land motion rate of 1 mm yr À1 (note that we also assume zero eustatic sea-level change during this period). This value of total deformation (SIA plus GIA) is bracketed by the modeling results for the MD West locality (Table 3) . Overall, the results are broadly consistent with the work of Milne and Peros [2013] who successfully modeled the Holocene RSL record of the MD using slightly higher LT values of 120 km.
Long-Term Vertical Displacement
Model results are capable of reproducing the magnitude and shape of Lower Mississippi River long profile vertical displacement over the past 80 kyr. Figure 8 indicates that an Earth model with a 46 km LT, an UMV between 3 × 10 20 and 1 × 10 21 Pa s, and a LMV of~5 × 10 21 Pa s would be capable of fitting the data.
These values suggest a 5-16× UMV/LMV contrast, a range consistent with previous isostasy-based studies [Mitrovica, 1996; Lambeck and Johnston, 1998 ].
The present shape of the MIS 5a long profile is a composite of different load signals (Figure 9 ). This interpretation differs substantially from previous studies of deformation in and beyond the MD [e.g., Fisk, 1939; Jurkowski et al., 1984] , which attributed displacements to delta loading only. The largest consistent component of displacement (10-20 m, potentially higher seaward of the study area) is the continental shelf loading between about 80 and 24 ka. The ice load introduces the greatest amount of uncertainty as it is very sensitive to the Earth model (Figures 9 and 10 ). Net ocean loading between 80 ka and the present is relatively small (~10 m). However, as the LGM and subsequent deglaciation takes place in the last quarter of the time span considered, a continental levering effect (~5 m, Figure 9 ) was produced by the model. The ocean load signal counteracts to some extent that due to ice loading.
Given that the shelf load contributes such a large amount of vertical displacement to the MIS 5a long profile, uncertainties in the size of this load could have a significant impact. The shelf load model used (Figure 4d ) is of somewhat limited lateral extent, particularly in the east, due to inherited spatial limits from the source [Coleman and Roberts, 1988] . It is therefore likely that the modeled shelf load values presented here are a lower bound on the amount of displacement produced by this load.
The timing of those loads not presently in equilibrium has some bearing on the predicted deflection of the MIS 5a long profile. The delta and paleovalley load histories are reasonably well constrained in time [Kulp et al., 2002; Blum et al., 2008] and contribute a relatively small amount (order meters) to the total modeled signal. The ice load results in ongoing subsidence of the peripheral bulge from the North American ice sheets. Major (deglacial) ocean load changes only ceased~7 ka [Törnqvist et al., 2004] , and several meters of uplift can be expected from that component in the future. When considering all signals together, the ocean 3852 loading-derived uplift is masked by the much larger subsidence rates from other components. The ocean load signal does, however, have an impact on the spatial pattern of the deformation signal ( Figure 9 ).
For the best fitting Earth model (46/1/10), the contribution from GIA over 80 kyr is relatively small (<5 m) ( Figure 9 , red curve). This is due to the canceling of positive and negative displacements over a full glacial cycle [cf. Potter and Lambeck, 2003] . This approximate cancelation of the GIA signal suggests that calculating 80 kyr average deformation rates (Figure 3b ) is a valid approach for estimating the order of magnitude of long-term subsidence rates due to SIA in the MD. These average rates are significantly smaller than the present-day deformation rates but are compatible with rates of~0.16 mm yr À1 for the past~15 Ma [Edrington et al., 2008] and~0.26 mm yr À1 for the past~10 Ma [Straub et al., 2009] (Figure 3b ). Post-Miocene strata underneath the MD exhibit thicknesses that vary by no more than a factor of 2 along strike [Woodbury et al., 1973] , suggesting that strike variability of subsidence rates over this time frame is unlikely to be more than twofold.
In summary, long-term average basement subsidence rates in the MD since the Miocene have most likely been dominated by SIA, but instantaneous rates of subsidence are likely to be due to GIA processes. The modeling presented in this study suggests that present-day subsidence rates are higher than geologic averages.
Elastic Thickness of the Lithosphere
MIS 5a long profile vertical displacement data appear to favor Earth models with a LT of 46 km, whereas RSL-based subsidence rates over the past 7 kyr require Earth models with thicker LT (~96 km, possibly thicker). Thus, the optimal value for LT appears to be time dependent. This result is compatible with current understanding of lithospheric structure. The models implemented here adopt a simple "slab" lithosphere, which was assigned a single very high viscosity value throughout the specified thickness. While this is a common approach in most GIA studies, it is known that the lithosphere exhibits distinct rheological layering [Afonso and Ranalli, 2004; Bürgmann and Dresen, 2008] . Such layering would result in a thinning of the effective elastic thickness over time by flow and stress relaxation within the lithosphere [Watts, 2001] .
More complex lithospheric models, based on a viscosity decrease linked to an assumed temperature profile, have been used in previous studies [e.g., Klemann and Wolf, 1998 ], although the exact mechanisms of lithospheric stress relaxation remain unclear [Watts et al., 2013] .
Future Work
The modeling presented here implemented a spherically symmetric Earth model. Tuning to RSL records and running a more finely incremented ensemble of models within the bounds of the solid Earth parameters defined by this study would allow specific best fit Earth models to be identified. However, seismic tomography studies [e.g., Ritsema et al., 2011] indicate that there is significant lateral structure within the mantle, which could influence surface deformation. The lithosphere also varies laterally in thickness [e.g., Tesauro et al., 2012] ; this could impact model predictions. Codes that are able to implement Earth models incorporating 3-D viscosity structure exist [e.g., Latychev et al., 2005; Whitehouse et al., 2006] ; implementing these models would be an important extension of the present study.
The ocean load model adopted here was calculated in a gravitationally self-consistent manner with respect to the adopted ice load model [Mitrovica and Milne, 2003; Kendall et al., 2005] . However, the sediment load will also influence sea level through changes in sea floor height and perturbations to the gravity field. Application of a new extension to the sea-level equation [Dalca et al., 2013] , which computes a gravitationally selfconsistent ocean load change with respect to both the ice and sediment redistribution histories, would be another route to extend the present analysis. While the improvements outlined above may help to resolve higher-order effects, the present study has demonstrated that with a relatively simple three-layer Earth, it is possible to understand the broad characteristics of the system and achieve reasonable fits to data.
Conclusions
It has been postulated that deltaic sediment loading is primarily responsible for the tilting of Pleistocene surfaces in the MD and Lower Mississippi Valley [Fisk, 1939] . This idea was extended to infer that the isostatic response to the delta load is the largest contributor to present-day subsidence in the region [e.g., Jurkowski et al., 1984; Ivins et al., 2007; Syvitski, 2008] . The primary aim of this study was to test this hypothesis by means of a sensitivity analysis implementing a solid Earth deformation model and a full consideration of ice, ocean, and sediment loading histories. Comparing the model results with observations of vertical land motion obtained from different methods over a range of timescales (past 80 kyr, past 7 kyr, and past 15 years) demonstrates that this hypothesis must be rejected. High rates of basement subsidence inferred from GPS sites within the MD are not reproducible when using realistic estimates of SIA and GIA.
Present-day Pleistocene basement subsidence in the MD produced by viscoelastic deformation mechanisms is unlikely to exceed~2 mm yr
À1
; subsidence due to sediment loading alone is unlikely to exceed~0.5 mm yr
. The modeling results do not support basement subsidence rates of up to~8 mm yr À1 proposed by previous modeling studies. It is likely that the large measured subsidence rates found in GPS, benchmark leveling, and tide-gauge data are the product of basement subsidence combined with significant ongoing Holocene sediment compaction. Contrary to some previous interpretations, it appears that SIA is unlikely to be the dominant cause of land surface lowering in the MD.
The ice load component of GIA is a major contributor to absolute vertical isostatic land motion along the U.S. Gulf Coast over timescales shorter than a full glacial cycle. Any future study which seeks to understand deformation along the U.S. Gulf Coast must consider both GIA and SIA. Which specific loads are most significant depends on the timescale considered.
The significance of the SIA components considered here also depends on the timescale considered. Over the past 80 kyr, the most important contribution to SIA in the MD region was likely to have been sedimentation on the continental shelf. In contrast, the Holocene delta is the most important source of present-day SIA-related basement subsidence.
Comparison of model results with geologic data over different timescales shows that the effective elastic thickness of the lithosphere is time dependent. The effective elastic thickness of the lithosphere may be >100 km over the Holocene but decreases by at least 50% to~50 km on the 100 kyr timescale. The latter value is compatible with previous estimates of effective elastic lithospheric thickness for the region [e.g., Bechtel et al., 1990] , which considered loads applied over timescales considerably longer than those in this study.
